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The present paper deals with the structural behaviour of self-piercing riveted joints based on aluminium
and steel rivets. Two T-components made of two open aluminium proﬁles in alloy AA6063 temper T4
joined by 6 and 12 rivets, respectively, were designed and tested under quasi-static loading conditions.
A new test device was designed to perform the tests of the T-components under two different load cases.
Experimental results of the T-components joined by using aluminium self-piercing rivets were then com-
pared with the corresponding components joined by using steel rivets in terms of force-displacement
curves, deformation modes of the components as well as rivet failure modes. Further, the experimental
results of the T-components based on aluminium rivets were used to validate a resultant-based point-
connector model for self-piercing rivets proposed by Hanssen et al. (2010) using shell elements.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
The self-piercing riveting (SPR) technique is an alternative to the
welding technology and is nowadayswidely used in the automotive
industry. Signiﬁcant knowledge about the behaviour of a SPR con-
nection under static and dynamic loading conditions (including
fatigue) can be found in the open literature (Fu and Mallick, 2003;
Han et al., 2007, 2010; Hoang et al., 2011,2010; Lee et al., 2006; Li
and Fatemi, 2006; Mori et al., 2006; Porcaro et al., 2004, 2006,
2008; Sun andKhaleel, 2007; Sun et al., 2007;Wood et al., 2011). Re-
cently, self-piercing riveted connections based on a single alumin-
ium rivet have been studied by Hoang et al. (2010) and Abe et al.
(2009) in order to facilitate recycling of an aluminium car body in
the future by reducing the unfavourable iron content. Be aware that
unfavourable alloy content could also be the case if we do not adjust
the alloy of the aluminium rivet to the aluminium alloy to be joined.
Moreover, the possibility of using aluminium rivets as an alternative
to steel rivets can contribute to the reduction of the car weight. A
quick calculation reveals that the substitution of steel rivets withll rights reserved.
oratory (SIMLab), Centre for
tural Engineering, Norwegian
eim, Norway. Tel.: +47 73 59
. Hoang).aluminiumones in the body of a Jaguar XJ, in whichmore than three
thousands rivets are presents, can save approximately 1 kg of
weight. Finally, the use of aluminiumrivets to join aluminiumplates
solve also problems related to galvanic corrosionwhich is imminent
when using steel rivets to join aluminium sheets as stated by He
et al. (2008).
The work of Hoang et al. (2010) have shown that the behaviour
of a connection using an aluminium rivet to connect two alumin-
ium sheets was similar to that of using steel rivets in terms of ini-
tial stiffness, maximum strength, and softening behaviour after the
onset of failure. Their ﬁndings showed a great potential of alumin-
ium self-piercing rivets for replacing the steel ones. However, in
order to push forward the application of aluminium rivets in the
automotive industry, research has to be carried out in order to bet-
ter understand the structural behaviour of aluminium riveted
joints. In addition, a reliable point-connector model is needed to
describe the local behaviour of the riveted connection in a reason-
able way for full car crash simulations with shell-element based
models. Traditional approaches (e.g., node-to-node constraints,
node-to-surface and surface-to-surface constraining by contact
formulations, using beam elements, brick elements for the connec-
tor, etc.) were basically developed for spot welded connections,
and may be used for modelling self-piercing riveted connections.
However, the physical mechanisms during the failure of a rivet
connection are complex, and completely different from that of a
Nomenclature
Dx mechanical interlock
Dt thinning of the bottom plate
Fmax maximum force
dFmax displacement at maximum force
df ductility of the T-components
r Cauchy stress tensor
r;e ﬂow stress, and effective plastic strain
ai (i = 1,8) parameters of the anisotropic yield function YLD2000
r0, Qi, Ci Voce parameters deﬁning strain hardening of material
Du diameter for model’s domain of inﬂuence
hm, hs, h master plate thickness, slave plate thickness, and total
plate thickness
fn, ft normal resultant force and tangential resultant force
Mm,Ms moment acting on the master plate and slave plate
g, gmax normalised stretch measure and damage measure
f maxn ; f
max
t SPR model parameters deﬁning the maximum normal
and shear capacity
nn, nt dimensionless model parameters deﬁning the softening
region for normal and shear loading
dfailn ; d
fail
t model parameters deﬁning the normal and tangential
deformation at failure
a1, a2, a3 dimensionless model parameters deﬁning dependency
of the current stretch measure on the damage measure
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eted connections may not give satisfactory results. In this context
the work of Porcaro et al. (2004) can be mentioned. They used a
node-to-node constraint approach for modelling single self-
piercing riveted connectors, and obtained reasonable results up
to maximum load. However, the softening behaviour of the riveted
connection beyond maximum load was not correctly described,
neither with a force-based failure criterion nor with a strain-based
failure criterion. Recently, (Hanssen et al., 2010) have developed a
new resultant-based point connector model for large-scale ﬁnite
element shell analyses. The nature of the model is based on the ob-
served physical failure mechanisms of a self-piercing rivet con-
necting two aluminium sheets (Hanssen et al., 2010). They
showed that the model was able to capture with good accuracy
the behaviour of riveted connections with a single rivet up to fail-
ure for different loading directions, for different aluminium sheetFig. 1. Geometry of (a) T-component R6 and (b) T-component R12. The nominal thicknes
of the proﬁles.thicknesses as well as for different rivets and die types. However,
the capability of their proposed model for modelling the structural
behaviour of self-piercing riveted joints remains an open question.
Thus, in the present study the structural behaviour of alumin-
ium self-piercing riveted joints by using T-component tests was
ﬁrst investigated experimentally. T-components have been com-
monly used to investigate the joint behaviour in many research
works found in the open literature (Clarke et al., 2009; Díaz et
al., 2011; Girão Coelho and Bijlaard, 2007; Jones et al., 1983; Seeger
et al., 2008; Swanson et al., 2002; Vivio, 2009). However, most of
them were designed to investigate structural behaviour of bolted
joints, welded joints, and adhesively bonded joints. Within this
study, two new T-component specimens were designed, adapting
to the SPR process. The geometry was chosen as a function of the
joining accessibility, loading complexity, and expected structural
behaviour. They consisted of two open proﬁles in aluminium alloys of the wall of the proﬁles is 2 mm. Dimensions are given in mm from the outer wall
Fig. 2. Geometry of the die and the rivet for the SPR process.
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12 aluminium self-piercing rivets in alloy AA7278-T6, respectively.
Here, a commercially available high strength aluminium alloy was
chosen to facilitate the riveting process, and to study the structural
behaviour of aluminium joints without any coupling to recycling.
Two load cases were investigated in order to challenge the riveted
connectors to different failure modes. The experimental results
using aluminium rivets were compared with the test data from
the same T-component, but joined by using steel self-piercing
rivets. The test data using aluminium rivets were ﬁnally used toFig. 3. Test set-up: (a) Load case L1, (b) Lovalidate the point-connector model proposed by Hanssen et al.
(2010).2. Experimental programme
In order to investigate the structural behaviour of riveted joints,
two T-component specimens were designed. They consisted of two
extruded open proﬁles which were connected by using 6 and 12
self-piercing rivets, respectively, denoted by T-component R6 and
T-component R12. The geometries of the T-components compris-
ing the joints are shown in Fig. 1. The proﬁles have a nominal
thickness of 2 mm, and were made of aluminium alloy AA6063
in temper T4. The self-piercing rivet geometry and the die geome-
try used for joining the components were of the Boellhoff standard,
and are presented in Fig. 2. The rivets were machined using a lathe
from the central part of an extruded cylindrical rod made of alu-
minium alloy AA7278-T6. Moreover, steel rivets of the same type
as used by Porcaro et al. (2006) were also used for joining the
components. The behaviour of the T-components based on alumin-
ium rivets was thus evaluated by comparing their strength as well
as their failure modes with those using steel rivets.ad case L2, (c) Details of test set-up.
Table 1
Test matrix.
Combination T-component Load case Rivet material
C1A R6 L1 AA7278-T6
C2A R12 L1 AA7278-T6
C3A R6 L2 AA7278-T6
C4A R12 L2 AA7278-T6
C1S R6 L1 Steel
C2S R12 L1 Steel
C3S R6 L2 Steel
C4S R12 L2 Steel
3214 N.-H. Hoang et al. / International Journal of Solids and Structures 49 (2012) 3211–3223Two load cases, which are denoted by L1 and L2 respectively,
see Fig. 3, were designed in order to challenge the individual riv-
eted connectors to different failure modes, i.e. failure modes under
pure shear, pure pull-out, and combined loading conditions. A
2  2  2 test programme was then designed in the present study,
as showed in Table 1, in which 2 types of T-components, 2 load
cases, and 2 rivet materials are involved. In order to ease the read-
ing in the subsequent sections, the tests were labelled as ‘CiX’,
where Ci denotes the test combination number, and X indicates
the rivet material (i.e. X takes the letters A and S corresponding
to aluminium and steel, respectively), see Table 1. For each combi-
nation, at least 2 parallel tests were carried out in order to check
any variation.3. Experimental investigations
3.1. Test set-up
A new testing device has been designed at SIMLab in order to
investigate the structural behaviour of the T-components. The de-
vice is made of high-strength steel, and consists of three main
parts: (1) a main frame, (2) clamping blocks, and (3) clamping
plates, see Fig. 3. The shorter proﬁle of the T-component (P1, see
Fig. 1) was clamped to the main frame using clamping blocks ﬁxed
to the main frame by bolts. In addition, the surface of the mainFig. 4. Numbering
Fig. 5. Cross-sectional geometry: (a) Rivet in AA7278-T6 and plates in AA6063-W, (b) Ste
of aging and (d) deﬁnition of Dx and Dt.frame and the clamping blocks in contact with the component
was treated to increase the friction, thus ensuring a good ﬁxation
of the component to the main frame. During testing the clamping
boundary conditions were veriﬁed by using camera measurements.
One side of the longer proﬁle (P2) was clamped between two plates
in order to allow a simple connection to the testing machine. Six
bolts were used to ﬁx the clamping plates to the proﬁle. The main
frame was used for both loading cases as illustrated in Fig. 3. Fig. 3a
shows the load case L1, in which the lower base of the main frame
is bolted to the testing machine. In this case, the T-component was
connected directly to the actuator of the testing machine through
the clamping plates. For the load case L2, the T-component was
connected indirectly to the actuator of the testing machine by
means of a tension bar, as seen in Fig. 3(b). A hinge was used to
connect the tension bar to the clamping plates, and to the hydrau-
lic actuator, respectively.
The tests were performed at room temperature by means of a
Dartec 250 kN testing machine, under displacement control with
a loading rate of approximately 2.5 mm/min. During testing, the
load-displacement histories were recorded to characterize the
behaviour of the T-component (i.e. initial stiffness, ductility, and
strength). Prior to testing, the rivets used to join the components
were numbered as illustrated in Fig. 4, and a camera was used dur-
ing the tests in order to follow the deformation of the T-component
as well as the failure mode of the rivets.3.2. Testing procedure
In the present study, solid heat-treatment of the open proﬁles in
alloy AA6063 in temperT4 into W temper was carried out prior to
riveting. As discussed by Hoang et al. (2011, 2010), the use of the
W temper is to facilitate the joining process based on aluminium
rivets and to obtain a good connection, see Fig. 5(a). However,
the plates in W temper are too soft to be used in combination with
a steel rivet. Fig. 5(b) depicts a cross-sectional geometry of the case
where a steel rivet was used to join two components in AA6063 in
W temper. As seen, the steel rivet almost penetrated the bottomof the rivets.
el rivet and plates in AA6063-W, (c) Steel rivet and plates in AA6063-W after 3 days
Table 2
Mechanical interlock and thinning of the bottom plate.
Combination Dx (mm) Dt (mm)
Rivet in 7278T6 - plates in 6063 W 0.426 0.647
Steel rivet - plates in 6063 W 0.334 0.149
Steel rivet - plates in 6063 W 3days 0.643 0.418
Fig. 6. Engineering stress–strain curves of the alloy AA6063. Data are taken from
Hoang et al. (2011).
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mechanical interlock. Thus, in order to obtain a good connection
with a steel rivet, the heat-treated open proﬁles were naturally
age-hardened at room temperature for 3 days before being joined.
Fig. 5(c) illustrates the cross-section of such a connection. The
mechanical interlock dx and the distance between the rivet tip
and the bottom plate surface dt, which are deﬁned in Fig. 5(d),
are summarized in Table 2.
The T-components based on aluminium and steel rivets were
then tested after approximately 30 days of natural aging. It is
well-known that the material properties of an alloy in W temper
depends on the aging time. However, (Hoang et al., 2011) have
shown that after 30 days of natural aging, the material properties
of the alloy AA6063 in temper W tend to stabilise and to converge
to the material properties of the ‘as-received’ alloy AA6063 in tem-
per T4 before the heat-treatment carried out, see Fig. 6. Thus, the
material properties of the heat-treated T-components are assumedTable 3
Experimental and numerical results of the T-component tests.
Combination Fmax (kN) dFmax (mm) df (mm)
Aluminium
rivet
Steel
rivet
Aluminium
rivet
Steel
rivet
Aluminium
rivet
C1X Test 1 25.06 25.28 8.26 15.34
R6 Test 2 25.60 26.85 8.46 16.04
L1 Simulation 25.30 – 8.01 –
C2X Test 1 19.56 21.01 5.28 8.96
R12 Test 2 19.85 21.09 5.46 8.54
L1 Simulation 17.20 – 9.33 –
C3X Test 1 3.78 4.13 16.14 25.56–
R6 Test 2 3.90 4.41 16.41 22.92
L2 Simulation 3.60 – 22.54 –
C4X Test 1 3.82 3.66 5.10 5.58
R12 Test 2 4.20 3.58 7.03 5.44
L2 Simulation 3.52 – 6.42 –to be in an as received condition at testing, i.e. AA6063 temper T4,
at the chosen testing time.3.3. Test results and discussions
In this section, the experimental data of the tested T-compo-
nents are extracted in terms of force-displacement curves and fail-
ure modes. The maximum force Fmax as well as the corresponding
displacement dFmax is also given for each test. In order to character-
ise the ductility of the T-component, the displacement df at which a
signiﬁcant drop of the global force can be observed is also given,
see Table 3. The deﬁnition of Fmax, dFmax and df are illustrated in
Fig. 7.3.3.1. Global behaviour of T-components
Fig. 8 illustrates the global behaviour of the two T-components
based on aluminium rivets (i.e. CiA components) in terms of
force-displacement curves under different load cases. The force-
displacement curves of the T-component based on steel rivets (i.e.
CiS components) are also plotted in the same graph for comparison.
The initial stiffness of the T-components based on aluminium rivets
is similar to those based on the steel ones for all load combinations,
which means that the rivet material does not play any signiﬁcant
role during the elastic deformation phase of the components. The
maximum strength Fmax of the components joined with aluminium
rivets is also comparable to those with steel rivets and a difference
in the range from5% to8% is observed.However, theductility (which
is characterised by df) of the CiA components aremuch less than that
of the CiS components, which results in a lower energy absorption
capacity of the CiA components. A lower strength and ductility of
the CiA componentmay be explained by a smallermechanical inter-
lock of the riveted connection based on aluminium rivets compared
to the connections using steel rivets, as seen in Fig. 5 and Table 2.
Moreover, it is interesting to notice that the softening behaviour be-
yond the maximum load is similar for both types of rivets.
For the test combination C4X the maximum strength of the
component C4A was slightly higher than that for C4S, Fig. 8(d). This
deviation is assumed to be caused by scatter in the test data as at
maximum force of the test no signiﬁcant deformation around the
rivet was observed. This is shown in Fig. 9 for a component using
aluminium rivets. Since the component deformation mainly in-
volves plastic deformations of the open proﬁles and insigniﬁcant
deformation around the riveted zone, it seems to be reasonable
to observe a negligible difference in Fmax between the componentsNumber of failed
rivets
Order of failed rivet
Steel
rivet
Aluminium
rivet
Steel
rivet
Aluminium rivet Steel rivet
11.30 19.10 6 6 1&2, 3&4&5&6 1&2, 3&4&5&6
10.50 19.30 6 6 1&2, 3&4&5&6 1&2, 3&4&5&6
8.20 – 6 – 1&2&3&4&5&6 –
9.40 13.10 6 6 4&10, 5&11, 6&12 4&10, 5&11,
6&12
9.55 13.10 6 6 4&10, 5&11, 6&12 4&10, 5&11,
6&12
12.50 – 6 – 1&2&3&4&5&6&7&8&9 –
22.30 31.60 4 4 1&2, 4&6 1&2, 4&6
23.80 28.20 4 4 1&2, 4&6 1&2, 4&6
23.50 – 4 – 1&2, 4&6 –
68.00 – 4 – 7, 4&5&6 –
69.50 – 4 – 7, 4&5&6 –
69.00 – 4 – 7, 4&5&6 –
Fig. 7. Deﬁnitions of Fmax, dFmax and df.
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ponents C4A and C4S. At a displacement of approximately 50 mm,
Fig. 9, the force level increased due to the stiffening of the T-com-
ponent when the component came into contact with itself after
large plastic deformation.3.3.2. Failure of the rivets
For the three ﬁrst test combinations (i.e. C1X, C2X and C3X), a
similar trend of the rivet failure was obtained for both steel and
aluminium rivets, i.e. rivet failure mode, number of the failed rivets
and the frequency of when the rivet failed which are reported in
Fig. 8 and Table 3.
However, for the components based on steel rivets, the defor-
mation of the proﬁles around the riveted connections was higher
than that of the component based on aluminium rivets; see
Fig. 10, which represents the conﬁguration at the end of the tests
of all the T-components. This is linked to the larger mechanicalFig. 8. Test results: (a) combination C1X, (b) combination C2X, (c) combination C3Xinterlock Dx of the steel rivets as discussed previously. Due to this
larger ductility of the steel riveted connection, no rivet failure was
observed for the component C4S, while four rivet failed for the
component C4A.
For the components C1A and C1S, six failed rivets were observed
(ﬁrst rivets 1and 2, and then rivets 3, 4, 5 and 6, see Fig. 8(a). It can
be seen that shear failure in the rivets was the dominating failure
mode. For the components C2A and C2A, six failed rivets were ob-
served (i.e. rivets 4 and 10 failed ﬁrst, the failure of rivets 5 and
11 came second, and rivets 6 and 12 failed at last, see Fig. 8(b). Here,
due to a high deformation of the proﬁle ﬂanges, six rivets were sub-
jected to combined loading (i.e. shear and pull-out load). The com-
ponents C3A and C3S experienced four failed rivets in shear due to
the applied moment (i.e. rivet 1 and 2 failed ﬁrst, followed by the
failure of rivets 4 and 6, see Fig. 8(c). The components C4A experi-
enced also four failed rivets (i.e. rivet 7 failed ﬁrst, followed succes-
sively by the failure of rivet 4, 5 and 6, see Fig. 8(d). However, the
failed rivets underwent the dominating tension load.
4. Material model of extrusions
Lademo et al. (1999) and Jansson et al. (2005) showed that the
extruded aluminium alloy AA6063 (in tempers T1 and T4 respec-
tively) exhibits different inelastic properties along different axes
with respect to the extrusion direction. Thus, in order to take into
account the anisotropy of the alloy when predicting the response
of the T-components using numerical analyses based on shell ele-
ments, an appropriate material model in combination with an
anisotropic yield criterion is necessary. In the present study, the
yield criterion YLD2000 proposed by Barlat et al. (2003) was
adopted.
The anisotropic yield function YLD2000 is composed of two
convex functions /0 and /000, and reads, and (d) combination C4X. Two parallel tests are given for each combination.
Fig. 9. Force–displacement curves of the components C4A and C4S.
Fig. 10. Deformed T-components.
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where r is the ﬂow stress, m is the exponent parameter of the yield
function, /0 ¼ jX 01  X02jm and /0 ¼ j2X001  X 002jm þ jX001  2X002jm. Here,
X01;2 and X
00
1;2 are respectively the principal stresses of the stress ten-
sors X 0 and X00 which are linearly transformed from the Cauchy
stress tensor r formulated as X0 = L0r and X00 ¼ L00r. In these trans-
formation, the coefﬁcients of L0 and L0 can be expressed as followsTable 4
Material data of AA6063-T4.
r0 (MPa) Q1 (MPa) Q2 (MPa) C1 (–) C2 (–) a1 a2
75 136.46 252.25 16.04 0.225 0.6308 1.40L0 ¼
L011
L012
L021
L022
L066
2
6666664
3
7777775
¼ 1
3
2 0 0
1 0 0
0 1 0
0 2 0
0 0 3
2
6666664
3
7777775
a1
a2
a7
2
64
3
75; L00 ¼
L0011
L0012
L0021
L0022
L0066
2
6666664
3
7777775
¼ 1
9
2 2 8 2 0
1 4 4 4 0
4 4 4 1 0
2 8 2 2 0
0 0 0 0 9
2
6666664
3
7777775
a3
a4
a5
a6
a8
2
6666664
3
7777775
ð2Þ
in which ai (i = 1, 8) are eight material parameters characterizing
the anisotropy of the yield function. If ai are equal to unity, the yield
criterion YLD2000 is reduced to the isotropic case. For more details
of the model, the readers are referred to Barlat et al. (2003).
The alloy under investigation is AA6063 in W temper after
30 days of natural aging. However, as discussed previously the
material properties of the present alloy tends to converge to that
of the alloy AA6063-T4 as shown in Fig. 6. Thus, it seems to be rea-
sonable to assume that the anisotropy of the alloy at hand is anal-
ogous to that of AA6063 in temper T4. Thus for simplicity, the alloy
AA6063 in W temper after 30 days of natural aging will in the fol-
lowing be denoted AA6063-T4.
In the subsequent analyses, the material properties in the refer-
ence direction (i.e. in the extrusion direction) is taken from Hoang
et al. (2011), while the anisotropic characteristics (i.e. coefﬁcients
ai) reported by Jansson et al. (2005) for the alloy AA6063-T4 are
adopted for the yield criterion YLD2000. The material parameters
are summarised in Table 4. The data for the strain hardening in
the extrusion direction of the alloy are summarised in Table 4 in
terms of the Voce model as follows
r ¼ r0 þ
X2
i¼1
Qið1 expðCieÞÞ ð3Þ
Here e is the plastic strain; r0, Qi and Ci are the material
parameters.
5. SPR point-connector model
In the present study, the SPR model for shell elements proposed
by Hanssen et al. (2010) was used to predict the structural behav-
iour of the T-components joined by using aluminium rivets. The
philosophy of the model and its main equations are summarized
in Section 5.1 for the sake of completeness while the calibration
of the model for the riveted connection under investigation (i.e.
rivet in AA7278-T6 and two 2 mm-thick plates in AA6063-T4) is
shown in Section 5.2.
5.1. Description of the model
Fig. 11(a) and (b) show an illustration of an SPR connection (i.e.
a cross-section at maximum opening plane) at initial and deformed
conﬁguration, respectively, together with the corresponding model
assumptions, Fig. 11(c) and (d). In the model a node between the
two shell meshes modelling the middle planes of the plates to be
joined is deﬁned at the rivet location, see Fig. 11(c). A user-deﬁned
diameter of the rivet head Du is considered in the model in order toa3 a4 a5 a6 a7 a8
76 1.7740 1.0324 1.0144 0.8740 0.8754 1.0580
Fig. 11. The SPR model.
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joined. The deﬁned parameter Du should be approximately the real
diameter of the rivet head Dr. Furthermore, the total thickness of
the two plates to be joined, h = hm + hs, needs to be deﬁned in the
model where hm and hs are respectively the thickness of the master
and slave plates.
At each time step, the SPR model computes the local displace-
ment of the riveted connection d which can be resolved into two
components, i.e. the normal stretch dn and the tangential stretch
dt as illustrated in Fig. 11(d). In the sequel, the subscripts n and t
indicate the normal and tangential directions if there is not any
other speciﬁcation.
The philosophy of the SPR model is to evaluate the local resul-
tant forces acting on the rivet based on the calculated displace-
ments (dn, dt) as given in the following relationshipFig. 12. Description of the SPR model: (a) Local force-displacement relationshipfn ¼ fmaxn dndfailn
f^ nðgmaxÞ
gmax
ft ¼ fmaxt dtdfailt
f^ tðgmaxÞ
gmax
8><
>: ð4Þ
where fn and ft are the normal resultant force and the tangential
resultant force during loading respectively. f maxn;t are model parame-
ters giving the maximum force capacity of the riveted connection
under pure tensile and pure shear loading conditions, while dfailn;t
are the corresponding model parameters deﬁning the displacement
at failure of the riveted connection. Further, f^ nðgmaxÞ and f^ tðgmaxÞ are
two empirical functions which were chosen to evaluate the local
normalised pure normal and pure shear forces on the rivet.
Fig. 12(a) shows the curves of f^ n;tðgmaxÞ as the full lines, in which
nn and nt are model parameters deﬁning the normalised displace-
ments at which the softening of the riveted connections starts. Infor pure tensile and pure shear loading, (b) Effective displacement measure.
Fig. 13. Illustration of different loading directions: (a) Reference direction, (b) Transverse direction, and (c) Cross direction.
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memory of the maximum value of the effective displacement mea-
sure g (i.e. gmax = max(g,gmax)). The effective displacement measure
g depends on the loading angle h = arctan(dn/dt), and can be illus-
trated in Fig. 12(b) in which the ordinate and abscissa axes represent
the effective displacement of the rivet when loaded in pure tensile
(i.e. h = p/2) and pure shear (i.e. h = 0), respectively. When the rivet
is submitted to combined loading (i.e. 0 < h < p/2), g is evaluated by
g ¼ nþ 1 n
a
  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dn
dfailn
 !2
þ dt
dfailt
 !2vuut ð5Þ
where n ¼ 1 274 ð2hp Þ2 þ 274 ð2hp Þ3 and a is a function of the damage
parameter gmax and three additional model parameters a1, a2, a3
see Fig. 12(b). The dependency of the current stretch measure of
the connection on the actual damage state through the damage dri-
ven parameters a(gmax) renders the model more ﬂexible and more
physical.
The failure of the riveted connection is deﬁned when the dam-
age parameter gmax reaches unity. At this time, there is not interac-
tion force between the master and slave plates. For more details of
the SPR model, the readers are referred to Hanssen et al. (2010).
Finally, it is to be noted that the present SPR model has no tor-
sion stiffness. Moreover, the model implicitly assumes isotropy of
the riveted connection in terms of strength and ductility. This
means that the model does not consider any variation in strength
and ductility of the riveted connections when submitted to differ-
ent loading directions related to anisotropy of the proﬁles as
shown in Fig. 13.
5.2. Calibration of model parameters
The SPR model has ten parameters to be calibrated, i.e. Du, nn, nt,
dfailn , d
fail
t , f
max
n , f
max
t , and a1, a2, a3. As discussed by Hanssen et al.Fig. 14. a) Geometry of U-shaped specimen, (b) Geome(2010) the model parameters can be obtained by inverse modelling
of tests carried out on U-shaped specimens in three different load-
ing directions, namely 0, 45 and 90 corresponding to the pure
shear, combined loading, and pure pull-out loading , respectively,
Fig. 14(a). The data of mechanical tests of the riveted connection
(rivet in AA7278-T6 and two 2 mm-thick plates in alloy AA6063-
T4) by using U-shaped specimens are taken from Hoang et al.
(2011). However, in order to improve the calibration as proposed
by Hanssen et al. (2010), additional peeling tests were also per-
formed within this study, Fig. 14(b). All the tests were carried out
at a quasi-static strain rate. It is to be noted that all calibration tests
are carried out in the extrusion direction as shown in Fig. 14(c).
Fully integrated shell elements with mesh size of
2.5 mm  2.5 mm and ﬁve through the thickness integration points
were used for the inverse modelling. (Hanssen et al., 2010) showed
that the SPRmodel is more or less mesh size independent. Thus, the
chosenmesh size in the present investigationwill have no inﬂuence
on the calibration procedure. The material model described in Sec-
tion 4 was used for the plates. Be aware of that the real thickness of
the two plates h = hm + hs = 3.8 (mm) was used in all the numerical
simulations.
First, numerical simulations were run both with and without
considering the anisotropy of the specimen material. It was found
that the material anisotropy had no inﬂuence on the numerical
analyses of the tests used for calibration, thus no inﬂuence on
the calibration results. It is not surprising, since the tests used for
calibration were performed in the reference direction (i.e. the
extrusion direction) where the strain hardening properties are
determined as illustrated in Fig. 13a.
Two calibrations were then carried out. The ﬁrst one was per-
formed by using only the U-shaped specimens (SetU). The second
calibration included the peeling test (SetUP). A comparison be-
tween the tests carried out and the numerical prediction after cal-
ibration is shown in Fig. 15. As seen the prediction of the peelingtry of peeling specimen, and (c) Loading direction.
Fig. 15. Calibrations of the SPR model by using only U-shaped specimen test (SetU), and by including peeling test (SetUP).
Table 5
Model parameters of the SPR model.
f maxn ðNÞ f maxt ðNÞ dmaxn ðmmÞ dmaxt ðmmÞ a1 (–) a2 (–) a3 (–) nn (–) nt (–) Dn (mm) h (mm)
Set U 2000 4400 3 6.5 0.15 0.65 1.7 0.7 0.5 12 3.8
Set UP 2000 4400 3.3 7.0 0.15 0.65 1.75 0.62 0.5 12 3.8
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cedure as expected, see Fig. 15(d). The two sets of the model
parameters, named SetU and SetUP, are given in Table 5. The two
parameter combinations will be used in Section 6 to investigate
any sensitivity of the calibration procedure on the T-component
predictions.
6. Numerical analyses of the structural joints
6.1. Finite element model
The numerical analyses of the T-components were carried out
using a shell-element based model in the FE code LS-DYNA. The
model was composed of different parts as illustrated in Fig. 16,
i.e. Part (1) Short proﬁle, Part (2) Long proﬁle, Part (3) L-ﬂanges
for the component R12, Part (4) Clamping blocks, Part (5) Clamping
plates, Part (6) Moving bolt for load case L1, Part (7) Tension bar for
load case L2, and Part (8) Moving bar for load case L2.
Fully integrated shell elements with mesh size of 2.5 mm 
2.5 mm and ﬁve through-thickness integration points as for the cal-
ibration procedure were used for all the T-component analyses. The
proﬁles and the L-ﬂanges (i.e. Part 1, Part 2 and Part 3) were mod-
elled as elastic-plastic materials and adopted the material model
described in Section 4. The remaining parts (i.e. Part 4, Part 5, Part
6, Part 7, and Part 8) were assumed to be rigid.
In all the simulations, the clamping blocks (Part 4) were pre-
vented from all movement, and the upward displacement bound-
ary condition was applied to Part 6 (Moving bolt) and Part 8(Moving bar) for the load cases L1 and L2, respectively. The two
hinges for load case L2 were modelled by using the option ⁄CON-
STRAINED_JOINT_SPHERICAL available in LS-DYNA and the riveted
connections were modelled by means of the SPR model described
in Section 5. Moreover, it is to be noted that the real thicknesses
of the proﬁles as well as the correct position of the riveted connec-
tors were taken into account in all simulations.
6.2. Numerical results and discussions
The capability of the model to predict the behaviour of the T-
components was investigated by comparing the numerical results
with the test data in terms of global force-displacement curves,
deformation modes of the proﬁles as well as failure modes of the
rivets. The solution sensitivity of the numerical analyses to the
two SPR model parameters was also investigated. Furthermore, a
discussion is carried out regarding the effect of material anisotropy
on the behaviour of the component by performing the analyses
with an isotropic yield criterion based on the material properties
in the extrusion direction of the proﬁles.
6.2.1. Comparison between numerical and experimental results
In the sequel, numerical analyses of the T-components were
performed by using successively the two sets of the SPR model
parameters (i.e. SetU and SetUP, see Table 5) determined in Section
5.2. Anisotropy of the proﬁle material was taken into account in all
simulations. Numerical force-displacement curves are plotted
along with the test data in Fig. 17. Here, for clarity reason only
Fig. 16. Numerical model with initial mesh.
Fig. 17. Comparison between numerical and experimental force-displacement curves. The dashed lines are numerical force-displacement curves obtained by assuming
isotropy of the material data.
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combination. As can be seen, there is no signiﬁcant difference be-
tween the numerical results obtained by using SetU and SetUP (fulllines in the ﬁgure). Moreover, the model is able to capture the ini-
tial stiffness for all components. The global force evolution up to
the maximum force Fmax as well the softening behaviour after Fmax
Fig. 18. Comparison between numerical and experimental deformation modes of the T-components.
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nents except for the component C2A. The predicted maximum
force Fmax, the displacement at maximum force dFmax , the ductility
df as well as the failed rivets (i.e. number and order of the failed riv-
ets) of all components by using the SPR model parameters SetUP
are summarized and compared with the test data in Table 3.
The performed numerical analyses also revealed that the two
calibrated SPR model parameters (i.e. SetU and SetUP) had an
insigniﬁcant inﬂuence on the proﬁle deformations as well as the
rivet failure modes. Fig. 18 thus shows a comparison of the defor-
mation modes of the proﬁles between experiments and simula-
tions obtained by using the SPR model parameters SetUP (i.e.
including the peeling test). It can be seen that the deformation of
the proﬁles obtained from the numerical analyses was similar to
that of the tests. The failure mode of individual rivets was also
replicated quite well in most of the cases except for the component
C2A, see Table 3. For this component, the failure of six rivets used
to join the long proﬁle (Part 2) to the L-ﬂanges (Part 3) was not
captured by the model; see Fig. 18 and Table 3. On the contrary,
the six rivets between the short proﬁle (Part 1) and the L-ﬂanges
(Part 3) failed in the analyses. The different rivet failure modes be-
tween test and analyses caused deviation in the predicted and
measured force-displacement curves of the component C2A as
shown in Fig. 17.
The observed difference between test and analyses for the com-
ponent C2A may be due to the fact that anisotropy of the riveted
connection (in terms of strength and ductility, etc.), which dependson the loading direction as illustrated in Fig. 13, was not taken into
account in the SPR model. More clearly, in the analyses of the com-
ponent C2A the six failed rivets were loaded in the cross direction
(rivets connecting Part 1 and Part 3 in Fig. 18). This is contrary to
the corresponding test where the six failed rivets were loaded in
the extrusion direction (rivets connecting Part 2 and Part 3 in
Fig. 18).
Further, the analyses of the T-component C1A showed that the
SPR model with parameters calibrated in the extrusion direction
underestimated the ductility of the component where the rivets
were loaded in the cross direction, see Fig. 17. The underestimation
of the predicted ductility of the riveted connections loaded in the
cross direction could for instance explain why the six rivets be-
tween Part 1 (short proﬁle) and Part 3(L-ﬂanges) failed before
those between Part 2 (long proﬁle) and Part 3 (L-ﬂanges) for the
component C2A.
6.2.2. Effect of material anisotropy
In order to investigate the inﬂuence of the material anisotropy
on the behaviour of the T-components, additional analyses were
carried out by assuming isotropy of the proﬁle material with the
strain hardening properties taken in the extrusion direction. Here,
all the coefﬁcients ai (i = 1, 8) in Eq. (2) are taken equal to unity,
and the yield criterion YLD2000 is reduced to the isotropic case.
The SPR model parameters SetUP were used for numerical anal-
yses and the predicted force-displacement curves were plotted in
the same graphs as those obtained when considering material
N.-H. Hoang et al. / International Journal of Solids and Structures 49 (2012) 3211–3223 3223anisotropy in Fig. 17 (dashed lines). As can be seen, the anisotropy
of the proﬁle material had a pronounced effect on when softening
took place in T-component C1A. For the component C2A, the mate-
rial anisotropy had less effect on the predicted force, while for the
two other components (i.e. C3A and C4A) the simulated forces
seemed to be slightly inﬂuenced (C4A), or even not inﬂuenced
(C3A) by the material anisotropy at all. Further, it is also found that
the material anisotropy had an insigniﬁcant effect on the deforma-
tion of the components and the ﬁnal failure modes of the rivets.
Thus, it is sensible to conclude that the structural behaviour of
the T-component can be predicted with reasonable accuracy by
assuming isotropy of the proﬁle material as well.
7. Conclusions
The main objective of the present paper was to investigate the
structural behaviour of the T-components made by joining two
aluminium extrusions using aluminium self-piercing rivets, and
to check the capability of the SPR model proposed by Hanssen
et al. (2010) for large scale shell analyses. The study was carried
out experimentally and numerically. The main ﬁndings of the pres-
ent work can be summarised as follows.
 The overall structural behaviour of the T-components by using
aluminium rivets under different loading conditions was com-
parable to those by using steel rivets. This included also the fail-
ure mode of the rivets.
 The components using aluminium rivets showed a maximum
force level which was approximately 5–8% lower than for the
components using steel rivets.
 The ductility of the T-components based on aluminium rivets
was approximately 50% less than those based on steel rivets.
The lower ductility resulted in a lower energy absorption capac-
ity of the self-piercing riveted joints based on aluminium rivets.
 Numerical analyses revealed that the point-connector SPR
model was able to predict quite well the global behaviour of
the T-components when using aluminium self-piercing rivets
in terms of force-displacement curves, deformation of the pro-
ﬁles, as well as rivet failure. However, for complex loading con-
ditions of the rivets (large local deformations of the proﬁles
coupled with shear and tension loading of the rivets) the SPR
model was not able to give a correct prediction of the structural
behaviour of the riveted joints (e.g. force-displacement curves
as well as the failure of individual rivets, etc.). The reason for
this is not quite understood, but could be caused by the anisot-
ropy of the aluminium proﬁles which is not taken into account
in the calibration of the SPR model.
 The numerical analyses showed that the peeling tests used to
calibrate the SPR model parameters had minor inﬂuence on
the structural behaviour of the T-components. Thus, it seems
the structural behaviour of self-piercing riveted joints can be
predicted with reasonable accuracy by using only three U-
shaped specimen tests for calibration.
 The effect of anisotropy of the proﬁle material in the simula-
tions (i.e. by using an isotropic and anisotropic yield criterion)
seemed to have minor effect on the structural response. How-
ever, the anisotropy of the proﬁle material may result to anisot-
ropy of the riveted connection strength with respect to the
loading direction (see Fig. 13), which needs to be taken into
account in the SPR model in future work.
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